-Direct real-time measurements of purinergic agents and reactive oxygen species concentrations have been of great value in understanding the functional roles of these substances in a number of diseases including chronic kidney disease and hypertension. The interstitial concentrations of these intermediate signaling molecules and dynamics of their release are important autocrine and paracrine factors in the kidney, which play a key role in the regulation of oxidative stress, inflammation, and kidney damage. Analysis of signaling mechanisms, especially in vivo and ex vivo, has been slowed by deficiencies of existing methods for direct measurements of the signaling molecules concentrations in whole organs and acute changes in response to endocrine factors. The multienzymatic microelectrode biosensors technique was originally developed and used for the detection of purines release in the brain and in present could be modified to identify the interplay between different substances that could be measured simultaneously in whole organs, such as the kidney. Adaptation of this method for renal and cardiovascular studies represents a unique powerful approach for real-time monitoring of substance level fluctuations in organs or tissues under normal or pathological conditions. biosensors; kidney; purinergic signaling; amperometry; ATP THE STUDY of the functional processes in the whole kidney presents a tremendous experimental challenge due to the structural and functional heterogeneity of the kidney tissues and rapid transient changes in the concentrations of the signaling molecules. The purines ATP, ADP, and adenosine and reactive oxygen species (ROS) such as hydrogen peroxide (H 2 O 2 ) are among the most important paracrine signaling agents. For over 70 years since the discovery of ATP, several different approaches have been applied to measure their concentration. The luciferin-luciferase bioluminescence method is the most common approach used predominantly on cell cultures or monolayers; however, it can be used to measure ATP in micropuncture or interstitial fluid collected from intact kidneys as well. Bioluminescence has also been utilized for in vivo imaging of plasma membrane luciferase, a method used to reveal increased levels of extracellular ATP at tumor sites (11 Fig. 1 . Schematic demonstration of the ATP detection in the isolated and perfused rat kidney. Both ATP and Null biosensors are inserted into the kidney and connected to a dual channel potentiostat for current-time amperometry recordings. Both Null (Sarissaprobe Null) and ATP (Sarissaprobe ATP) biosensors were obtained from Sarissa Biomedical (Coventry, UK) and calibrated to known H2O2 and ATP concentrations before and after each set of experiments. Reference electrode was placed onto kidney surface clear of both sensors and attached to the potentiostat to ensure low noise quality recordings. The kidney aorta was continuously perfused with vehicle or drug-containing solutions through a motorized laminar syringe pump (shown as a syringe). near cell surface where ATP is most abundant. Second, and most importantly, ATP is rapidly catabolized in vivo by ectonucleotidases (14, 18), and this degradation during fluid collection and storage may produce wide variations in reported concentrations and values that are often out of the physiological range. In addition to bioluminescence approach, there are several other developed methods such as "Sniff" cell (4, 5) and atomic force microscopy biosensors (13) approaches. Fluorescent resonance energy transfer-based imaging can be also used as a method to track, in real time, the location, mobility, and activation of P2X channels in living cells (12) . Unfortunately, all these methods are mostly appropriate for single cell or monolayer studies and have their own limitations. For instance, "Sniff" cell detection of ATP is limited to a single cell or dissected preparations. A complex calibration procedure is required to extrapolate values to physiological (nM) concentrations due to the properties of P2X receptors. Atomic force microscopy biosensors detect concentrations within a limited range of 10 to 500 nM and are also only appropriate for single cell use or very small multicellular areas.
THE STUDY of the functional processes in the whole kidney presents a tremendous experimental challenge due to the structural and functional heterogeneity of the kidney tissues and rapid transient changes in the concentrations of the signaling molecules. The purines ATP, ADP, and adenosine and reactive oxygen species (ROS) such as hydrogen peroxide (H 2 O 2 ) are among the most important paracrine signaling agents. For over 70 years since the discovery of ATP, several different approaches have been applied to measure their concentration. The luciferin-luciferase bioluminescence method is the most common approach used predominantly on cell cultures or monolayers; however, it can be used to measure ATP in micropuncture or interstitial fluid collected from intact kidneys as well. Bioluminescence has also been utilized for in vivo imaging of plasma membrane luciferase, a method used to reveal increased levels of extracellular ATP at tumor sites (11) . The luciferase techniques, however, have several limitations that preclude their use for ATP detection within intact organs. First, luciferin or its A-luciferase conjugate solutions affect cellular function and may not diffuse under unstirred layers near cell surface where ATP is most abundant. Second, and most importantly, ATP is rapidly catabolized in vivo by ectonucleotidases (14, 18) , and this degradation during fluid collection and storage may produce wide variations in reported concentrations and values that are often out of the physiological range.
In addition to bioluminescence approach, there are several other developed methods such as "Sniff" cell (4, 5) and atomic force microscopy biosensors (13) approaches. Fluorescent resonance energy transfer-based imaging can be also used as a method to track, in real time, the location, mobility, and activation of P2X channels in living cells (12) . Unfortunately, all these methods are mostly appropriate for single cell or monolayer studies and have their own limitations. For instance, "Sniff" cell detection of ATP is limited to a single cell or dissected preparations. A complex calibration procedure is required to extrapolate values to physiological (nM) concentrations due to the properties of P2X receptors. Atomic force microscopy biosensors detect concentrations within a limited range of 10 to 500 nM and are also only appropriate for single cell use or very small multicellular areas.
Micropuncture or interstitial fluid collections methods in combination with quantitative fluorescence spectrometry are used for the assessment of kidney H 2 O 2 levels (9, 15-17). These approaches are highly sensitive and can be used in vivo in the blood-perfused kidney (2, 7, 16). However, current methods strongly depend on the low background and stability of the fluorescent signal produced by horseradish peroxidase-H 2 O 2 oxidation product. Furthermore, interstitial collection is limited by the lack of real-time measurements and reflects only steady-state equilibrium values as determined by production and metabolism.
To overcome these various limitations, we have developed a new amperometric approach for detection of endogenous substances in whole organs using biosensors (1, 6) . This approach was previously successfully used in many cell types and tissues. For instance, it was utilized to analyze eye development in Xenopus laevis (8) and role of astrocytes in breathing control in brain (3). These biosensors are relatively simple to use and allow real-time measurements of ATP and H 2 O 2 (and some other substances) concentrations within the interstitial fluid of the kidney. To validate this approach, we performed analysis of ATP and H 2 O 2 levels under basal conditions in the blood-free kidney and their real-time release within the renal cortex following administration of angiotensin II in the SpragueDawley and Dahl salt-sensitive rat kidneys (10) . Figure 1 demonstrates a scheme of the kidney preparation for analysis. As seen from this scheme, two sensors, ATP and Null (detecting H 2 O 2 ), are inserted into the kidney; manipulation with the depth of insertion allows measuring substances in both cortex and medulla areas. Importantly, in addition to the measurements of basal levels, this technique allows real-time detection of endogenous substances release in freshly isolated organs during drug perfusion, thus reflecting fluctuations in their concentrations. Except for ATP and H 2 O 2 , this method could be used to study a number of other endogenous molecules, when corresponding sensors are utilized. At this moment, adenosine, inosine, acetylcholine, glutamate, lactate, and glucose sensors are commercially available and could be used for relevant measurements.
One of the potential limitations is that current study was performed in the blood-free perfused kidney. ATP is an unstable molecule in unbuffered solutions, where it is rapidly hydrolyzed to ADP and phosphate. Conversion rate of ATP to adenosine is much higher in circulated blood, where adenosine is rapidly broken down by adenosine deaminase, which is present in red cells and the vessel walls. However, using a non-blood-perfused kidney allows us to detect levels of purines in the interstitium, which is critical for understanding the release of ATP and H 2 O 2 by renal cells.
Briefly summarizing, specific enzymatic biosensors combined with the amperometric technique could represent a unique approach for detection of basal levels of endogenous substances and real-time measurements of their release in response to pharmacological intervention under physiological and pathophysiological conditions. Additional experiments are required to further develop this approach to include testing both the specificity of detected signals and future application in concious animals.
